Introduction
Colorectal cancer is the third most frequently diagnosed cancer in males and the second in females worldwide, with over 1.2 million new cases each year. The estimated deaths ranked fourth in males and the third in females, with over 0.6 million deaths due to colorectal cancer reported in 2008 . 1 Approximately half of colorectal cancers occur in the rectum, most of which are already advanced at the time of diagnosis. The treatment for rectal cancer varies according to the disease stage, and radiotherapy is a major modality. Approximately 50% of patients in early stages (stage I and stage II for tumor, lymph node, metastasis [TNM] staging) received chemotherapy alone or combined with radiotherapy; approximately 75% of patients in advanced stages submit your manuscript | www.dovepress.com
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Zhang et al (stage III and IV) were given chemotherapy or radiotherapy pre-or postsurgery in 2008 according to the National Cancer Database and the Surveillance, Epidemiology, and End Results (SEER)-Medicare linked database. 2 Studies have shown that radiotherapy reduced the local recurrence rate and possibly improved the survival of rectal cancer patients, but with increased radiation-related morbidity, especially as a result of damage to the surrounding normal tissues. [3] [4] [5] The injuries to normal tissue impair the patient's quality of life and may even be life threatening.
Therefore, a major challenge has been how to decrease the damage induced by radiotherapy to the surrounding normal tissue, which is mainly observed as radiation-related intestinal injury, including acute inflammation and late fibrosis. Among the acute side effects, mucositis, vomiting, diarrhea, pain, tenesmus, bleeding, and hematological dysfunction were frequently reported. 6, 7 In some cases, acute toxicities occurring during or immediately after radiotherapy result in dose reduction or the complete termination of therapy. Furthermore, severe acute toxicity decreases the quality of life of rectal cancer patients and is coupled with chronic complications including irreversible fibrosis and fistulae. In addition, the toxicities vary substantially among patients, making it difficult to predict which toxicity will develop and which patients are most at risk. There is therefore an urgent need to investigate the molecular biomarkers that can identify patients who may develop severe side effects prior to radiotherapy so that therapeutic strategies can be tailored and optimized to maximize the treatment benefit and minimize the toxicities. Currently, there are a few markers for predicting these toxicities, most of which are based on the histopathological and radiophysical parameters, but these have shown limited efficacy. 8, 9 Furthermore, most investigations have focused on late radiation-induced injury, with fewer studies having investigated early toxicity. 10, 11 Therefore, we wanted to perform studies based on our interest in the early injury to normal tissue and to identify additional molecular markers for predicting acute radiation injury in rectal cancer patients.
The exact mechanisms underlying the radiation-induced intestinal injury are not fully understood. Pathologically, early radiation enteropathy is characterized by epithelial barrier breakdown and mucosal inflammation, resulting from the complex interplay among pathophysiological processes, including inflammation, epithelial regeneration, tissue remodeling, and collagen deposition, as well as the activation of the coagulation system and endothelial dysfunction. 6, 12, 13 This complex and integrated response involves a large number of molecular pathways that can be activated by pro-or anti-inflammatory cytokines. Among these factors, transforming growth factor (TGF)-β is considered to be a key cytokine involved in radiation-induced intestinal damage.
14 Radiation activates TGF-β via the generation of reactive oxygen species, and the sustained overexpression of TGF-β has been found in irradiated intestinal tissue. 15 TGF-β regulates the expression of several molecules that contribute to acute and late radiation damage, among which are plasminogen activator (PA) inhibitor type 1 (PAI-1) and protease-activated receptor-1 (PAR-1). PAI-1 is a critical mediator that triggers pathways leading to acute and late normal tissue lesions after radiation. 16 PAI-1, belonging to a family of serine protease inhibitors, has been widely studied in fibrotic diseases, and its role in radiation-induced acute side effects was recently observed in PAI-1 knockout mice, in which a genetic deficiency of PAI-1 was associated with decreased acute intestinal injury. 17 In addition, the PAI-1 inhibitor limited the radiation-induced increase of CTGF, COL1A2, and TGF-β. 18 PAR-1 is the most important member of the PAR family, which plays a central role in blood clotting, and it is also involved in radiation-induced intestinal injury. 19 PAR-1 plays an important role in the tumor microenvironment through regulating monocyte migration and fibroblast chemokine production. 20 PAR-1 can modulate the expression of PAI-1; in addition, both PAI-1 and PAR-1 interact with inflammatory molecules and profibrotic factors. Therefore, we hypothesized that PAI-1 and PAR-1 are important factors involved in radiation-induced injury in rectal cancer and that different expression levels or genetic polymorphisms of PAI-1 and PAR-1 may play a role in the individual difference in toxicities after radiation.
During the last 10 years, nearly 100 studies have addressed the possible associations between genetic variations and the risk of normal tissue toxicity after radiotherapy. It has been speculated that genetic polymorphisms in genes encoding drug-or radiation-related responses may influence an individuals' response to chemoradiotherapy. 21, 22 The present study was designed to determine whether the different genotypes of PAI-1 and PAR-1 are predictive of acute adverse events (AEs) in patients with rectal cancer treated with pelvic radiotherapy with or without chemoradiotherapy.
Materials and methods study subjects
In total, there were 398 rectal cancer patients who received pelvic radiotherapy at the Fudan University Shanghai Cancer Center (Shanghai, People's Republic of China) between January 2012 and October 2013. However, there 
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PAI-1, PAR-1, and tissue toxicity in rectal cancer were 42 patients whose blood samples were not collected. Thus, this study included 356 rectal cancer patients. All of the patients were histopathologically diagnosed as having rectal adenocarcinoma, and other histological types and all metastases to the rectum were excluded. All patients had a Karnofsky Performance Status score of $70 at the time when they received radiotherapy, and all had adequate renal and hepatic function. All of the patients were treated with pelvic radiotherapy preoperatively, postoperatively, or after pelvic recurrence, but without previous pelvic radiotherapy. A pretreatment evaluation was performed within 2 weeks before the initiation of chemoradiation, including a physical examination, blood counts, hepatic and rectal examinations, colonoscopy and biopsy, computed tomography of the thorax and abdomen, and magnetic resonance imaging. All patients were clinically staged based on the American Joint Committee on Cancer (AJCC) seventh version manual. 23 Written informed consent was provided by each participant for inclusion in the study. This study was approved by the Institutional Review Board of Fudan University Shanghai Cancer Center. Detailed descriptions of the clinical and treatment characteristics of the patients are presented in Tables 1 and 2 .
Treatment
All 356 patients received pelvic irradiation with intensity modulated radiation therapy (IMRT) using 6 MV X-rays from linear accelerators (Elekta, Stockholm, Sweden; Varian Medical Systems, Palo Alto, CA, USA). The details of delivering IMRT are described in our previously published study. 24 All patients were immobilized in the prone position using a belly board and underwent planning computed tomography in the treatment position. The image data were transferred to the PINNACLE planning system (Philips Radiation Oncology Systems, Milpitas, CA, USA), and the IMRT plans were generated using the inverse planning module. The position and isocenter of each patient were verified on electronic portal imaging device films. The median total dose was 50 Gy (generally in the range of 45-54 Gy; eight patients received less than 45 Gy because of severe toxicity) with conventional fractionation, as daily fractions of 1.8-2.0 Gy, from Monday to Friday. The concurrent chemotherapy was either based on single 5-fluorouracil (5-FU)/capecitabine, or on a combination with oxaliplatin or irinotecan.
Monotherapeutic capecitabine was administered at a dose of 825 mg/m 2 twice a day (bid), per os (po) 5 days per week during the course of irradiation. In the capecitabine + oxaliplatin group, patients were administered oxaliplatin at a dose of 50 mg/m 2 by 2-hour intravenous infusion once a week, and capecitabine was administered po at 625 mg/m 2 twice 5 days per week. In the capecitabine + irinotecan group, irinotecan was administered at 50-70 mg/m 2 by intravenous infusion once a week, and capecitabine was administered po at 625 mg/m 2 twice a day, 5 days per week. The administered dose of 5-FU was 1,000 mg/m 2 . The total mesorectal excision (TME) is a standard surgical procedure in rectal cancer. All of the patients, who received surgery in our center, were treated by the TME procedure. During the surgery, there were no radiation-related surgical 
Toxicity criteria
Acute AEs, including gastrointestinal toxicities (vomiting, diarrhea, and incontinence), dermatitis, and hematologic toxicities, were evaluated weekly during the treatment using the Common Terminology Criteria (CTC) toxicity criteria version 3.0 scale according to the complaints of the patients and the recordings by one radiotherapist. 25 Grade 0 indicated that there were no AEs, grade 1 indicated a mild AE, and grade 5 indicated that the patient died from toxicity-related AE, which did not happen in the present study. The patients were separated into two groups according to the CTC version 3.0 scores; patients who experienced grade $2 toxicities were categorized as group 1, and those with scores of 0-1 were categorized into group 2. Grade 2 was set as a cutoff, because the development of grade 2 toxicity was considered to impair the patient's quality of life. The grade of total toxicity indicated the highest toxicity grade among the hematological toxicity, vomiting, diarrhea, fecal incontinence (anal reaction), and dermatitis.
snP selection
We searched the National Center for Biotechnology Information dbSNP database (http://www.ncbi.nlm.nih.gov/snp) and SNPinfo (http://snpinfo.niehs.nih.gov/) for common (minor allele frequency $5%) and potentially functional single nucleotide polymorphisms (SNPs) in the PAI-1 and PAR-1 genes based on three criteria: 1) the SNP was located in a regulatory region, such as the 5′ end, the 3′ end, the 5′ untranslated region (UTR), or the 3′UTR; 2) there is a minor allele frequency of $5% in Chinese Han Beijing descendants; and 3) this frequency potentially affects these genes' functions, such as affecting transcription factor binding site (TFBS) activity or the micro (mi)RNA binding site activity. Then, the linkage disequilibrium among several selected SNPs in a gene was evaluated pairwise using the Haploview software program (http://www.broadinstitute. org/scientific-community/science/programs/medical-andpopulation-genetics/haploview/haploview), with only one of the polymorphisms among several SNPs with a high linkage disequilibrium (at a stringency of r 2 =0.80) being chosen ( Figure 1C) . As a result, seven SNPs (rs1801719, rs2227744, and rs32934 in PAR-1; rs1050955, rs2227631, rs1050813, and rs11178 in PAI-1) were selected. Because the genotyping failed to use the probe for rs1050813, the final analysis included only six SNPs. The SNP rs1801719 C/T in the 3′UTR of PAR-1 is predicted to affect the expression of miRNA, rs2227744 A/G and rs32934 C/T in the gene located 5′ to PAR-1 may affect the TFBS, rs1050955 A/G and rs11178 C/T in the 3′UTR of PAI-1 may affect miRNA expression, and rs2227631 A/G in the gene located at the 5′ end to PAI-1 can potentially affect the TFBS.
Dna sample preparation and genotyping
To avoid the influence of chemotherapy and radiotherapy on genotyping, the blood samples were collected within 1 week before starting the chemoradiotherapy. Genomic DNA was extracted from the white blood cells from whole 
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PAI-1, PAR-1, and tissue toxicity in rectal cancer blood samples. Blood samples from all patients were collected and processed by the Institutional Tissue Bank at the Shanghai Cancer Center. Genomic DNA was extracted with a Blood DNA extraction kit (PerkinElmer Inc., Waltham, MA, USA) using an automatic nucleic acid extraction system (ChemagicSTAR; Hamilton Robotics ApS, Copenhagen, Denmark). The purity and concentration of the DNA were determined by spectrophotometric measurement of the absorbance at 260 nm and 280 nm by an ultraviolet spectrophotometer (BioTek Instruments, Winooski, VT, USA). The DNA was diluted with ddH 2 O, and a total of 5 ng DNA was used for genotyping. The TaqMan SNP genotyping assays were ordered from Applied Biosystems/Life Technologies (Thermo Fisher Scientific, Waltham, MA, USA). All of the SNPs were genotyped using the TaqMan real-time polymerase chain reaction method with a 7900HT sequence detector system (Applied Biosystems; Thermo Fisher Scientific). To ensure high genotyping accuracy, strict quality control procedures were implemented, and four duplicate positive controls and four negative controls (ddH 2 O instead of DNA) were used in each of the 384-well plates, and the results were 100% concordant.
statistical methods
The SPSS 20.0 software package was used for the statistical data analysis. The chi-squared (χ 2 ) test was used to evaluate the differences in the frequency distributions of the clinical characteristics between group 1 (grade $2) and group 2 (grade 0-1), as well as to determine the differences in the frequencies of genotypes between the two groups. Univariate and multivariate logistic regression analyses were used to calculate the crude and adjusted odds ratios (ORs) for the risk of toxicities and the 95% confidence intervals (CIs). Multivariate adjustments were made for age, sex, drinking and smoking status, radiation dose, and concurrent chemotherapy. Student's t-test was used to compare the differences in the messenger (m)RNA expression levels between the two groups. General linear modeling was used to evaluate the trends in the transcript expression levels by genotypes. A two-sided value of P,0.05 was considered to be statistically significant for all parameters.
Results
Patients' characteristics
Analyses of 356 histopathologically-confirmed rectal cancer patients who received pelvic radiotherapy were performed for the total toxicity, hematological toxicity, diarrhea, vomiting, fecal incontinence (anal toxicity), and dermatitis. There were no significant differences (P.0.05) in the distributions of age, sex, smoking, drinking, the pattern of radiation, and the use of concomitant chemotherapy between the groups (Tables  1 and 2 ). More than 50% of the patients were male, over 50% of the patients received radiation before the operation, approximately 30% of patients received radiation postoperatively, and the others received radiotherapy because of local recurrence after surgery without previous pelvic radiation. Over 90% of the patients had received concurrent chemotherapy, with most patients having received two-drug regimens. The single drugs used included 5-FU and capecitabine. FU-based regimens contained capecitabine + oxaliplatin 
associations between the different genotypes and radiation-induced aes
The influence of the different PAI-1 and PAR-1 genotypes on the occurrence of normal tissue injuries was examined. The crude ORs (95% CI), P-values, and data corrected for age, sex, radiation dose, radiation pattern, smoking, drinking, and the regimens of concurrent chemotherapy were obtained separately in terms of the total toxicity, diarrhea, fecal incontinence hematological toxicity, and dermatitis. There were no significant differences between the patients with different genotypes of the six SNPs in terms of hematological toxicity or dermatitis (data not shown). For total toxicity, positive associations were found only in a recessive model of rs2227631 (adjusted OR=1.995; 95% CI=1.166-3.415; P=0.012 for GG versus AA/AG) and for one variant allele of rs32934 (adjusted OR=1.778; 95% CI=1.034-3.059; P=0.037 for CT versus CC) (data not shown).
The associations were more obvious for diarrhea and fecal incontinence (anal toxicity). An overview of the genotype data for diarrhea is presented in Table 3 . For PAI-1 rs1050955, the variant genotypes were protective against severe diarrhea (adjusted OR=0.394, 95% CI=0.181-0.858, P=0.019 for GG versus AA; and adjusted OR=0.476, 95% CI=0.247-0.916, P=0.026 for AG/GG versus AA in a dominant model [the combination of heterozygous and variant homozygous genotypes versus the wild-type genotype]). There were two SNPs that showed associations with incontinence, which were PAI-1 rs2227631 and PAI-1 rs1050955, as listed in Table 4 . A positive and significant association was found between PAI-1 rs2227631 and fecal incontinence (adjusted OR=3.172, 95% CI=1.490-6.751, P=0.003 for GG versus AA; and adjusted OR=2.541, 95% CI=1.249-5.170, P=0.010 for AG/GG versus AA), and borderline significance was shown for one variant allele (adjusted OR=2.108, 95% CI=1.001-4.440, P=0.05 for AG versus AA). In a recessive model (the variant homozygous genotypes versus the variant heterozygous genotype combined with the wild-type genotype) for PAI-1 rs2227631, the variant genotypes were associated with an increased risk of fecal incontinence (adjusted OR=1.772; 95% CI=1.126-2.789; P=0.013 for GG versus AA/AG). For PAI-1 rs1050955, a protective and significant association was found with regard to the development of obvious incontinence, indicating a protective effect of this genotype (adjusted OR=0.474; 95% CI=0.248-0.922; P=0.028 for GG versus AA). In both dominant and recessive models for PAI-1 rs1050955, a protective borderline significant association with incontinence was observed (adjusted OR=0.606, 95% CI=0.342-1.075, P=0.087 for AG/GG versus AA in a dominant model, and adjusted OR=0.620, 95% CI=0.383-1.006, P=0.053 in a recessive model).
Although there were significant results for PAI-1 rs2227631, PAI-1 rs1050955, and PAR-1 rs32934, there were no significant associations of PAI-1 rs11178, PAR-1 rs2227744, or PAR-1 rs1801719 with the risk of severe acute toxicity.
Discussion
Genetic polymorphisms have been extensively investigated for their roles in predicting the chemosensitivity and radiosensitivity of patients. Recent studies have suggested that some polymorphisms in genes related to DNA repair, drug metabolism, cell cycle regulation, and inflammation were associated with the response to radiotherapy or chemoradiotherapy. 21, 22, 26, 27 Compared with late radiationinduced injury, there have been fewer published studies on acute injury. In the present study, we investigated the associations of six SNPs in PAI-1 and PAR-1 with radiation-induced acute normal tissue injury in rectal cancer patients treated with pelvic radiotherapy. To the best of our knowledge, this is the first report of an association between SNPs in the PAI-1/ PAR-1 genes and the risk of developing severe toxicity in rectal cancer patients treated with radiotherapy.
In the present study, we considered grade $2 toxicity as obvious clinical toxicity, while stratifying the patients with grade 0-1 classifications into the control group, because developing grade $2 toxicity will strongly influence the patients' quality of life. Our findings suggest that the SNP rs1050955 and rs2227631 in PAI-1 and rs32924 in PAR-1 are associated with the risk of developing acute injury in patients with rectal cancer receiving pelvic radiation. Thus, following validation in more individuals and/ or other populations, such genetic polymorphisms could be useful biomarkers for the susceptibility to radiation-induced toxicity in rectal cancer patients who are being considered for radiotherapy.
PAI-1, as an important inhibitor of PAs and inflammationrelated genes, has been mapped to chromosome 7q22, and consists of nine exons of genomic DNA ( Figure 1A) . The PA system plays a vital role in radiation toxicity. It has been reported that PAI-1 was more highly expressed in cancer 
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PAI-1, PAR-1, and tissue toxicity in rectal cancer cell lines and normal endothelial cells after radiation, and the expression was also increased in the rectal mucosa of mice and humans after radiotherapy. 16, [28] [29] [30] [31] These findings suggested that PAI-1 might play a critical role in radiationinduced intestinal damage. As a target of TGF-β, PAI-1 has been widely studied in the process of fibrosis in late radiation-induced injury, and radiation-induced acute side effects were also observed using a PAI-1 knockout mouse model. 16, 17, 32 Our present data indicate that PAI-1 variants might have an impact on the risk of acute radiation injury in patients with rectal cancer. It has been demonstrated that rs1050955 is located at an miRNA binding site of the PAI-1 gene, which may regulate the interaction between the miRNA and 
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Zhang et al mRNA, thus potentially resulting in a change in the PAI-1 gene function. It is known that miRNA can genetically regulate target genes by base pairing with target mRNAs at the 3′-UTR, leading to the translational repression. The variant AG or GG genotype in PAI-1 rs1050955 was associated with a decreased risk of diarrhea and incontinence compared with the AA genotype. These results suggest that the variant allele G of rs1050955 in PAI-1 could be a biomarker for predicting the acute effects of radiation-induced normal tissue damage.
Different from PAI-1 rs1050955, PAI-1 rs2227631 showed a positive association with obvious incontinence. The rs2227631 is near the 5′ end of PAI-1 ( Figure 1A) and may regulate the function of PAI-1 in a different way from 
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PAI-1, PAR-1, and tissue toxicity in rectal cancer rs1050955, which is located in the 3′-UTR of PAI-1. There are different forms of PAI-1 in the tissues and peripheral blood: latent and active. Only a lower level of active PAI-1 attenuates the toxicity after radiation, and a change in the expression of latent PAI-1 has no effect. 18 It is likely that PAI-1 rs2227631 and rs1050955 may modulate different forms of PAI-1, and further functional studies should be performed to determine whether this is the case. The mechanisms underlying the observed PAI-1 induction after radiation remain unclear, but a p53/Smad3-dependent pathway may be one possible mechanism. 16, 32 Indeed, PAI-1 could be induced by both TGF-β and radiation in a manner dependent on the TP53 gene. 32 In addition, PAI-1 can also be strongly induced by lipopolysaccharide, and the biological effects of PAI-1 induced by lipopolysaccharide appear to be mediated by several cytokines, such as tumor necrosis factor-α, interleukin (IL)-1, and IL-6. 33 One mechanism underlying how PAI-1 is involved in radiation-induced injury may be that PAI-1 induces a strong antiapoptotic effect on endothelial cells by increasing the expression of antiapoptotic factors, such as Bcl-2 and Bcl-XL. 17 Another possible mechanism may be associated with the immune reaction, since PAI-1 is a target of TGF-β, which is an important inflammatory cytokine involved in acute inflammatory reactions and the fibrotic response, including radiation-induced injury.
PAR-1, which can mediate the production of PAI-1, is abundantly expressed throughout the gastrointestinal tract and is strongly overexpressed in radiation-induced intestinal injury. [34] [35] [36] [37] [38] Endothelial cells, epithelial cells, immune cells, and a variety of stromal cells in the intestine express PAR-1. Evidence from preclinical studies suggests that PAR-1 is involved in the pathogenesis of early and delayed radiation enteropathy. 19, 37 Pharmacological blockade of PAR-1 was found to reduce early radiation-induced intestinal toxicity. 39 PAR-1-mediated responses include increase vascular permeability, the release of vasoactive mediators, the expression of adhesion molecules, and the production of proinflammatory cytokines. The activation of PAR-1 in the intestine induces epithelial apoptosis and a loss of barrier function. 40 Our data provide evidence that the CT genotype in PAR-1 rs32934 is associated with an increased risk of total toxicity after radiation. However, its significance was not found when the separate toxicities (anal, hematological, etc) were analyzed. The rs32934 SNP is near the 5′ end of the PAR-1 gene ( Figure 1B) and has a potential function as a TFBS, which may affect the transcription of PAR-1. Higher expression of PAR-1 increased the risk of radiation toxicity, and blockade of PAR-1 ameliorated early intestinal toxicity in a mouse model. 19 PAR-1-mediated radiation toxicity may occur through a direct increase in the vascular permeability and modulation of cell apoptosis, including changes in endothelial cells, epithelial cells, fibroblasts, and tumor cells, and indirectly via increases in the release of active molecules, such as vasoactive mediators, adhesion molecules, and proinflammatory cytokines. 37 A limitation of the present study is that only potentially functional SNPs were assessed in the analysis. Therefore, we might have overlooked SNPs, such as those in introns, which may also be associated with the risk of acute injury after radiotherapy. Introns constitute a large part of a gene, and the number of intronic SNPs is much higher than that of potentially functional SNPs, so analyzing all of the intronic SNPs is daunting work and may need to be investigated in the future following the further development of high-output technologies. The current applications of next-generation sequencing and genome-wide association studies present a comprehensive and powerful method for screening and testing new SNPs, respectively. Although genome-wide association studies have been proven to be a powerful tool to identify new loci that may affect radiosensitivity, they require a large sample size, and the identified hits must be further validated.
Another feature of the present study that could have influenced the results is the Chinese ethnicity of our study subjects. Many of the SNPs reported in Caucasian populations or Japanese subjects are not consistent with those of Chinese populations. 41, 42 Our findings may support the value of these SNPs in assessing the risk of radiation-induced normal tissue injury in Chinese subjects, but these findings require further validation in additional studies and/or by other investigative teams in additional patients.
Conclusion
In conclusion, our results demonstrated that SNPs in PAI-1 and PAR-1 are associated with acute injury in rectal cancer patients who received pelvic radiation. In particular, rs2227631 and rs1050955 in PAI-1 were obviously associated with diarrhea and fecal incontinence. Once validated, these SNPs may be useful biomarkers for acute toxicity in patients with rectal cancer and may be useful for identifying patients who may develop severe side effects prior to their receiving radiotherapy so that the therapeutic strategies can be individually tailored to monitor, treat, or avoid toxicity. PAI-1 and PAR-1 may represent therapeutic targets to prevent or reduce the side effects of pelvic radiotherapy. Further experiments are necessary to explore the molecular submit your manuscript | www.dovepress.com
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